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SPECIFICATION 

TO ALL WHOM IT MAY CONCERN: 

BE IT KNOWN THAT WE, Kazuhito Ichihara, a 
citizen of Japan residing at: Kawasaki, Japan and 
Hiroaki Ueno, a citizen of Japan residing at Kawasaki, 
Japan have invented certain new and useful improvements 
in 



MAGNETIC RECORDING AND/OR 
REPRODUCING APPARATUS 



of which the following is a specification 
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TITLE OF THE INVENTION 



MAGNETIC RECORDING AND/OR REPRODUCING 
APPARATUS 



BACKGROUND OF THE INVENTION 

This application claims the benefit of a 
Japanese Patent Application No . 2001-022 415 filed 
January 30, 2001, in the Japanese Patent Office, the 
disclosure of which is hereby incorporated by 
reference . 

1 . Field of the Invention 

The present invention generally relates to 
magnetic recording and/or reproducing apparatuses, 
and more particularly to a magnetic recording and/or 
reproducing apparatus which records an arbitrary 
recording sequence on a magnetic recording medium 
and/or reproduces the arbitrary recording sequence 
from the magnetic recording medium. 

2 . Description of the Related Art 

FIG. 1 is a system block diagram showing a 
general structure of an example of a conventional 
magnetic recording and/or reproducing apparatus. In 
FIG. 1, a recording system of the magnetic recording 
and/or reproducing apparatus includes an encoder 1, 
and a recording and/or reproducing section 2 which 
includes a magnetic head and a magnetic recording 
medium. A reproducing system of the magnetic 
recording and/or reproducing apparatus includes the 
recording and/or reproducing section 2 , a lowpass 
filter (LPF) 3, a finite impulse response (FIR) 
filter 4, a Viterbi detector 5, a post processor 6, 
and a decoder 7 . 

At the time of the recording, the encoder 
1 encodes a recording sequence into a code sequence 
which is added with a parity bit, and the recording 
and/or reproducing section 2 records the code 
sequence on the magnetic recording medium by the 



magnetic head. On the other hand, at the time of 
the reproduction, the recording and/or reproducing 
section 2 reproduces the code sequence from the 
magnetic recording medium by the magnetic head, and 
supplies the reproduced code sequence to the Viterbi 
detector 5 via the LPF 3 and the FIR filter 4. The 
Viterbi detector 5 converts an equalized waveform 
which is obtained by the equalization by the FIR 
filter 4 into a maximum likelihood sequence by a 
metric calculation based on an equalization target 
(ideal value) . The post processor 6 carries out an 
error detection and an error correction using the 
parity bit, with respect to the maximum likelihood 
sequence which is supplied from the Viterbi detector 
5 . The error correction is made by comparing a 
sequence which is obtained by convolution of the 
maximum likelihood sequence and the equalization 
target, and the actual equalization target which is 
obtained from the FIR filter 4. The decoder 7 
decodes the maximum likelihood sequence which has 
been subjected to the error detection and the error 
correction, so as to reproduce the original 
recording sequence . 

FIG. 2 is a diagram showing the actual 
equalized waveform (average value) which is obtained 
from the FIR filter 4 and the equalization target 
(ideal value) . In FIG. 2, the ordinate indicates a 
signal amplitude in arbitrary units, and the 
abscissa indicates a phase in arbitrary units. 
Further, symbols "x" indicate the actual equalized 
waveform, and symbols "o" indicate the equalization 
target . 

In the conventional magnetic recording 
and/or reproducing apparatus, the metric calculation 
in the Viterbi detector 5 is made based on the 
equalization target, and an equalization error, that 
is, an error between the equalization target and the 



actual equalized waveform is not taken into 
consideration. For this reason, as may be seen from 
FIG, 2, there were problems in that it is impossible 
to cope with an error in the FIR filter 4 which 
becomes notable as the recording density on the 
magnetic recording medium becomes larger, or to cope 
with an error which is generated as the non-linear 
distortion becomes larger. 

In addition, the error correction in the 
post processor 6 is also made based on the 
equalization target. For this reason, there was a 
problem in that a difference between the corrected 
waveform and the actual equalized waveform becomes 
large. 

Accordingly, in the conventional magnetic 
recording and/or reproducing apparatus, it is 
difficult to carry out the detection of the maximum 
likelihood sequence and the error correction with a 
high accuracy. 

Furthermore, in the conventional magnetic 
recording and/or reproducing apparatus, there is a 
limit to carrying out a recording compensation in 
the recording system with respect to the non-linear 
distortion, and it is becoming increasingly 
difficult to cope with the increase of the recording 
density on the magnetic recording medium. 

SUMMARY OF THE INVENTION 

Accordingly, it is a general object of the 
present invention to provide a novel and useful 
magnetic recording and/or reproducing apparatus, in 
which the problems described above are eliminated. 

Another and more specific first object of 
the present invention is to provide a magnetic 
recording and/or reproducing apparatus which can 
carry out the detection of the maximum likelihood 
sequence and the error correction with a high 



accuracy . 

Another and more specific second object of 
the present invention is to provide a magnetic 
recording and/or reproducing apparatus which can 
carry out the recording compensation in the 
recording system with respect to the non-linear 
distortion, and to cope with the increase of the 
recording density on the magnetic recording medium. 

Still another object of the present 
invention is to provide a magnetic recording and/or 
reproducing apparatus comprising equalization means 
for equalizing a signal sequence which is reproduced 
from a magnetic recording medium and outputting an 
equalized waveform, and conversion means for 
converting the equalized waveform into a maximum 
likelihood sequence by carrying out metric 
calculation based on average values of the equalized 
waveform. According to the magnetic recording 
and/or reproducing apparatus of the present 
invention, it is possible to carry out the detection 
of the maximum likelihood sequence and the error 
correction with a high accuracy, thereby realizing 
the first object described above. 

A further object of the present invention 
is to provide a magnetic recording and/or 
reproducing apparatus comprising a look-up table 
which stores compensation amounts based on errors 
between ideal values and average values of a 
reproduced waveform of a signal sequence reproduced 
from a magnetic recording medium or average values 
of an equalized waveform which is obtained by 
equalization of the reproduced waveform, and a 
compensation circuit which carries out a recording 
compensation with respect to a non-linear distortion 
based on the look-up table when recording the signal 
sequence on the magnetic recording medium. 
According to the magnetic recording and/or 



reproducing apparatus of the present invention, it 
is possible to carry out the recording compensation 
in the recording system with respect to the non- 
linear distortion, and to cope with the increase of 
the recording density on the magnetic recording 
medium, thereby realizing the second object 
described above. 

Another object of the present invention is 
to provide a magnetic recording and/or reproducing 
apparatus comprising reproducing means for 
reproducing a signal sequence from a magnetic 
recording medium and outputting a reproduced 
waveform, equalization means for equalizing the 
reproduced waveform and outputting an equalized 
waveform, a look-up table which stores compensation 
amounts based on errors between ideal values and 
average values of the reproduced waveform or average 
values of the equalized waveform, and a compensation 
circuit which carries out a recording compensation 
with respect to a non-linear distortion based on the 
look-up table when recording the signal sequence on 
the magnetic recording medium. According to the 
magnetic recording and/or reproducing apparatus of 
the present invention, it is possible to carry out 
the detection of the maximum likelihood sequence and 
the error correction with a high accuracy, and it is 
possible to carry out the recording compensation in 
the recording system with respect to the non-linear 
distortion and to cope with the increase of the 
recording density on the magnetic recording medium. 
Hence, it is possible to realize the first and 
second objects described above. 

Still another object of the present 
invention is to provide a magnetic recording and/or 
reproducing apparatus comprising an equalization 
section which carries out an equalization with 
respect to a signal sequence reproduced from a 



magnetic recording medium, and outputs an equalized 
waveform, and a conversion section which converts 
the equalized waveform into a maximum likelihood 
sequence by carrying out metric calculation based on 
average values of the equalized waveform. According 
to the magnetic recording and/or reproducing 
apparatus of the present invention, it is possible 
to carry out the detection of the maximum likelihood 
sequence and the error correction with a high 
accuracy, thereby realizing the first object 
described above. 

A further object of the present invention 
is to provide a magnetic recording and/or 
reproducing apparatus comprising a reproducing 
section which reproduces a signal sequence from a 
magnetic recording medium and outputs a reproduced 
waveform, an equalization section which carries out 
an equalization on the reproduced waveform and 
outputs an equalized waveform, a look-up table which 
stores compensation amounts based on errors between 
ideal values and average values of the reproduced 
waveform or average values of the equalized waveform 
and a compensation circuit which carries out a 
recording compensation with respect to a non-linear 
distortion based on the look-up table when recording 
the signal sequence on the magnetic recording medium 
According to the magnetic recording and/or 
reproducing apparatus of the present invention, it 
is possible to carry out the detection of the 
maximum likelihood sequence and the error correction 
with a high accuracy, and it is possible to carry 
out the recording compensation in the recording 
system with respect to the non-linear distortion and 
to cope with the increase of the recording density 
on the magnetic recording medium. Hence, it is 
possible to realize the first and second objects 
described above. 



other objects and further features of the 
present invention will be apparent from the 
following detailed description when read in 
conjunction with the accompanying drawings. 

BRIEF DESCRIPTION THE DRAWINGS 

FIG. \ /Cs a system block diagram showing a 

general structure of^ an example of a conventional 

magnetic recording and/or reproducing apparatus; 
10 FIG. 2/ is a diagram showing an actual 

equalized wavef orm^which is obtained from a FIR 

filter and an equadization target; 
□ FIG. 3^ is a system block diagram showing a 

''2 first embodiment of a magnetic recording and/or 

py 15 reproducing appara^tus according to the present 

j'"^ invention; 

FIG. ,4 is a diagram showing equalizer 
K outputs with respect to recording sequences; 

FIG. 5^ is a diagram showing states with 
20 respect to recording sequences for Viterbi 
!3 detection; 

y 

FIG. 6 is a diagram showing a state 
transition table /for the Viterbi detection; 

FIG. if is a diagram showing a state 
25 transition diagram corresponding to the state 
transition table. shown in FIG. 6; 

FIG. 8 ^is a diagram showing a method of 
varying an equalization error in simulation; 

FIG. 9 is a diagram showing error rates of 
30 a 16/17 EPR4ML sy.stem when a variance of an 

equalization error amount is varied; 

FIG. 10 is a flow chart for explaining an 
operation of the first embodiment; 

FIG. 11 is a diagram showing compensation 
35 amounts used by a conventional recording 
compensation ; 

FIG. 12 is a diagram for explaining the 
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conventional recor.d'ing compensation ; 

FIG. 1/3 is a system block diagram showing 
a general structure of another example of the 
conventional magnetic recording and/or reproducing 
5 apparatus; 

FIG. 44 is a diagram for explaining a 
particular example of a conventional recording 
compensation; 

FIG. lo is a diagram for explaining the 
10 particular example of the conventional recording 
compensation; 

FIG. P6 is a system block diagram showing 
i3 a second embodiment of the magnetic recording and/or 

% reproducing apparatus according to the present 

fil 15 invention; y^' 

i'^^ FIG. V/7 is a diagram for explaining a 

1.^ look-up table; /' 

H FIG. 18 is a diagram for explaining a 

particular example of the recording compensation in 
i;0 2 0 the second embodiment; 

FIG. 19 is a diagram for explaining the 
particular example of the recording compensation in 
\''^ the second embodiment; 

FIG. 20 is a diagram for explaining over- 
25 sampling values; ; 

FIG. 21 is a diagram for explaining a 
method of obtaining a bit shift direction; 

FIG. 22 is a diagram for explaining a 
method of obtaining a time from an over-sampling 
30 value to a peak value; 

FIG. 23 is a diagram for explaining a 
method of obtaining a compensation amount from an 
ideal waveform; //' 

FIG. 2;4 is a flow chart for explaining an 
35 operation of the second embodiment; and 

FIG. 25 is a system block diagram showing 
a third embodiment of the magnetic recording and/or 



reproducing apparatus according to the present 
invention . 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

A description will be given of various 
embodiments of a magnetic recording and/or 
reproducing apparatus according to the present 
invention, by referring to FIG. 3 and the subsequent 
drawings . 

FIG. 3 is a system block diagram showing a 
first embodiment of the magnetic recording and/or 
reproducing apparatus according to the present . 
invention.. In FIG. 3, those parts which are the 
same as those corresponding parts in FIG. 1 are 
designated by the same reference numerals, and a 
description thereof will be omitted. In this 
embodiment, a controller 10 is provided with respect 
to a Viterbi detector 15 and a post processor 16. 

The controller 10 includes a CPU 11 and a 
memory 12, and controls the Viterbi detector 15 and 
the post processor 16 based on an equalized waveform 
obtained from the FIR filter 4. More particularly, 
the CPU 11 calculates and stores in the memory 12 
average values of the equalized waveform which is 
output from the FIR filter 4 with respect to a 
recording sequence. In addition, the CPU 11 
supplies to -the Viterbi detector 15 the average 
values of the equalized waveform stored in the 
memory 12. Accordingly, the Viterbi detector 15 . 
converts the. equalized waveform which has been 
equalized in the FIR filter 4 into a maximum 
likelihood ; sequence by carrying out a metric 
calculation based on the average values of the 
equalized waveform. On the other hand, the CPU 11 , 
also siipplies.to the post processor 16 the average 
values of the -equalized waveform stored in the . 
memory 12 . Hence , with respect to the maximum 



likelihood sequence supplied from the Viterbi 
detector 15, the post processor 16 carries out an 
error detection and an error correction using a 
parity bit. The error correction is made by 
comparing a sequence which is obtained from a 
convolution of the maximum likelihood sequence and 
the average values of the equalized waveform, with 
an actual equalized waveform which is obtained from 
the FIR filter 4. 

As will be described later, it is 
desirable to store the average values of the 
equalized waveform in a form of a conversion table 
within the memory 12 . 

In this embodiment, the FIR filter 4 forms 
an equalization means, and the Viterbi detector 15 
forms a conversion means for converting an output 
equalized waveform of the equalization means into a 
maximum likelihood sequence. In addition, the post 
processor 16 forms an error detection and correction 
means for carrying out an error detection and an 
error correction with respect to the maximum 
likelihood sequence. Furthermore, the CPU 11 within 
the controller 10 forms a control means for updating 
the conversion table within the memory 12, as will 
be described later. 

In this embodiment, it is assumed for the 
sake of convenience that a recording sequence 
aic-i . . . ak having a signal sequence length I + l which 
is encoded in the encoder 1 is recorded on the 
magnetic recording medium by the recording and/or 
reproducing " sect ion 2. In this case, an 
equalization output bk of the FIR filter 4 becomes 
as shown in FIG. 4 in. the case of an EPR4ML system 
(1=3) . FIG. 4 is a diagram showing the equalization 
output with respect to the recording sequence. In 
FIG. 4, in addition to the average values of the 
actual equalized waveform with respect to the 
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recording sequence ak-i . . . a^, ideal equalization 
values having no equalization error are also shown 
under the column of the equalization output bk for 
comparison purposes . 

In the case of the EPR4ML system, eight 
states are required for the Viterbi detection in the 
Viterbi detector 15. Hence, when the states of the 
Viterbi detection with respect to the recording 
sequence ak_i ... a^ are defined as shown in FIG. 5, 
a state transition table which indicates transitions 
from each state with respect to time becomes as 
shown in FIG. 6. FIG. 6 is a diagram showing the 
state transition table for the Viterbi detection. 
In FIG. 6, in addition to the average values of the 
actual equalized waveform with respect to the 
recording sequence ak-i . . . a^, the ideal 
equalization values having no equalization error are 
also shown under the column of the present 
equalization output bk for comparison purposes. The 
conversion table which is stored in the memory 12 
within the controller 10 corresponds to the state 
transition table shown in FIG. 6, but of course, it 
is unnecessary to store the ideal equalization 
values having no equalization error in the 
conversion table. 

In this embodiment, the metric calculation 
in the Viterbi detection is carried out using the 
average values of the actual equalized waveform, and 
not by using the ideal equalization values as was 
the case of the conventional apparatus . The state 
transition table shown in FIG. 6 may also be 
represented by a state transition diagram shown in 
FIG. 7. In FIG. 7, a value indicated beside each 
arrow indicates ak/bk- 

In the Viterbi detection, when selecting a 
path from a state at a time k-1 to each state at a 
time k, the following metric calculation is carried 
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out . A value is obtained for each path by adding a 
metric accumulation value m^k-i) up to the time k-1, 
to a square error between the equalization output 
at the time k which includes noise and the 
equalization output b^ shown in FIG. 6 which is made 
up of the average values of the actual equalized 
waveform with respect to the recording sequence 
ak-i . . . a^, and a path with a smaller value is 
selected. The following formulas (1) indicate 
metrics mo(k) ... ik) of the EPR4ML system in this 
embodiment, using the equalization output bk shown 
in FIG. 6 which is made up of the average values of 
the actual equalized waveform with respect to the 
recording sequence ajc-i . . . 3.k. The metrics mo(k) • • . 
m7(k) respectively indicate path metrics reaching 
states So ... S? at the time k. 



mo(k)^rnin{mo(k-i)-2 M oXk+ M 0^. 1^4 (k-i) -2 // 8Xk+ M 8 } 



rni (k 



^2 (k 



ni3 (k 



m4 (k 
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me (k 



n\7 (k 



=min{mo(k-i)-2 /z iXk+ 1^, m4 (k-i) -2 9Xk+ M 9 } 



=min{mi (k-i)-2 M 2Xk+ M 2^ , ms (k-i) -2 /i ioXk+ M 10 } 



=min {mi (k-i)-2 fi 3Xk+/i 3^/ m5(k-i)-2 m iiXk+ ju n^} 



=min {m2 (k-i) - 2 m 4Xk+ 4^ , me (k-i) -2 /i i2Xk+ M 12^ } 



=min {m2 (k-i)-2 ju 5Xk+ 5^ / me (k-i) -2 /i i3Xk-+- M 13 } 



=min {m3 (k-i) - 2 ju 6Xk+ M e^ ^ (k-i) -2 i4Xk+ 14^ } 



=min{m3 (k-i)-2 jn 7Xk+ A 7^, m7(k-i)-2 m i5Xk+ M 15^} 



-— (1) 



Therefore, it is possible to realize the 
Viterbi detection of the EPR4ML system in this 
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embodiment , based on the formulas (1), the state 
transition table shown in FIG. 6 and the state 
transition diagram shown in FIG. 7. In addition, by 
appropriately modifying FIGS. 4 through 7 and the 
5 formulas (1) , it is possible to realize the Viterbi 
detection of other various PRML systems . 

When an ideal EPR4 equalization is carried 
out, the equalization output waveform of the FIR 
filter 4 with respect to a recording sequence 

10 "000100000" (NRZ code) becomes as indicated by 
symbols in FIG. 8, such that the values 

respectively become "1", "1", "-1" and "-1" at e(0), 
e(l) , e(2) and e(3) . FIG. 8 is a diagram showing a 
method of varying an equalization error in 

15 simulation, that is, a method of varying e(0) 

through e(3) in order to confirm the validity of 
this embodiment when the equalization error occurs. 
In FIG. 8, the ordinate indicates the signal 
amplitude in arbitrary units, and the abscissa 

20 indicates the time in arbitrary units. It is 
assumed for the sake of convenience that the 
reproduced waveform is a Lorentz waveform. 

FIG. 9 is a diagram showing a signal-to- 
noise (S/N) ratio versus error rate characteristic 

25 of a 16/17 EPR4ML system which is obtained by 

simulation when a variance of an equalization 

error amount is varied. For the sake of convenience, 
in FIG. 9, the ordinate indicates a bit error rate 
(BER) , and the abscissa indicates the S/N ratio. 

30 The BER defines. the S/N ratio by a ratio of a peak 

value of a isolated reproduced waveform with respect 
to a magnetic transition and an effective value of 
noise. In FIG. 9, a symbol "x" indicates the BER 
for a case where a ^ = 0 and no equalization error 

35 exists, symbols "•", and 

"A" respectively indicate the BER for cases where 
a ^=0.005, a ^=0.020 and a ^=0.045 in the conventional 



apparatus shown in FIG. 1, and symbols "O", 
and "A" respectively indicate the BER for cases 
where a ^=0.005, a ^=0.020 and a ^=0.045 in this 
embodiment . 

As may be seen from FIG. 9, when the case 
where no equalization error exists (a^=0) is 
compared with the cases where a ^=0.005, a ^=0.020 
and a ^=0.045, the S/N ratio for realizing a BER of 
10"^ in the conventional apparatus shown in FIG. 1 
deteriorates by 0.7 dB , 1.7 dB and 3.7 dB , 
respectively. On the other hand, according to this 
embodiment, it was confirmed that the S/N ratio for 
realizing the BER of 10"^ is improved by 0.5 dB when 
a ^=0.005, improved by 1.2 dB when a ^=0.020, and 
improved by 2.0 dB when a ^=0.045, as compared to 
the conventional apparatus shown in FIG. 1. 

Next, a description will be given of the 
operation of this embodiment, including updating of 
the conversion table, by referring to FIG. 10. FIG. 
10 is a flow chart for explaining the operation of 
this embodiment. 

When a power ON command is issued and the 
power of the magnetic recording and/or reproducing 
apparatus is turned ON in a step SI shown in FIG. 10, 
a step S2 records and reproduces a training sequence 
with respect to the magnetic recording medium, by 
the encoder 1 and the recording and/or reproducing 
section 2. A step S3 carries out a phase detection, 
an amplitude adjustment and a waveform equalization 
with respect to the reproduced training sequence, by 
the LPF 3, the FIR filter 4 and the like. A step S4 
calculates the average values of the equalized 
waveform by the CPU 11. In addition, a step S5 
updates the conversion table stored in the memory 12 
with respect to the recording sequence, by the CPU 
11, using the calculated average values. A step S6 
resets an elapsed time Trun from an update time of 
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the conversion table to "0" by the CPU 11, and the 
process advances to a step S7. The step S7 decides, 
by the CPU 11, whether or not a power OFF command is 
issued. The process ends if the decision result in 
5 the step S7 is YES. 

On the other hand, if the decision result 
in the step S7 is NO, the process advances to a step 
Sll. The step Sll decides, by the CPU 11, whether 
or not the elapsed time Trun from the update time of 
10 the conversion table is greater than or equal to a 
predetermined training time Ttrain- The process 
advances to the step S2 if the decision result in 
i;3 the step Sll is YES. If the decision result in the 

step Sll is NO, a step S12 records and reproduces 
15 the recording sequence with respect to the magnetic 
M recording medium, by the encoder 1 and the recording 

and/or reproducing section 2. A step S13 carries 
out a phase detection, an amplitude adjustment and a 
waveform equalization with respect to the reproduced 

Q 

I'fi 20 recording sequence, by the LPF 3, the FIR filter 4 

i;3 and the like. A step S14 refers to the conversion 

table stored in the memory 12 , and converts the 
equalized waveform which has been equalized by the 
FIR filter 4 into the maximum likelihood sequence by 

25 metric calculation based on the average values of 

the equalized waveform, by the Viterbi detector 15. 
In addition, a step S15 refers to the conversion 
table stored in the memory 12 , and carries out a 
post processor process by the post processor 16 with 

30 respect to the maximum likelihood sequence supplied 
from the Viterbi detector 15. This post processor 
process includes the error detection and the error 
correction using the parity bit. The error 
correction is made by comparing the sequence which 

35 is obtained by convolution of the maximum likelihood 
sequence and the average values of the equalized 
waveform, with the actual equalized waveform which 



is obtained from the FIR filter 4. A step S16 
counts the elapsed time Trun from the update time of 
the conversion table, by the CPU 11, and the process 
advances to the step S7 . 

Accordingly, in order to cope with the 
changes with time, the average values of the 
equalized waveform are remeasured and the conversion 
table within the memory 12 is updated if the elapsed 
time Trun from the update time of the conversion 
table is greater than or equal to the predetermined 
training time Ttrain- Of course, the timing at which 
the conversion table is updated is not limited to 
the timing when the elapsed time Trun from the update 
time of the conversion table is greater than or 
equal to the predetermined training time Ttrain/ and 
may be set to an arbitrary timing. 

As described above, this embodiment uses 
the average values of the equalized waveform for the 
metric calculation in the Viterbi detection of the 
Viterbi detector 15. For this reason, the actual 
equalized waveform from the FIR filter 4 is used, 
instead of using the equalization target (ideal 
value) as in the case of the conventional apparatus, 
thereby making it possible to detect the maximum 
likelihood sequence with a high accuracy. In 
addition, since the average values of the equalized 
waveform are used for the error correction in the 
post processor 16, it is possible to detect the 
error with a high accuracy. 

An increase in a non-linear distortion 
caused by the increasing recording density on the 
magnetic recording medium, is not only a problem in 
the reproducing system described above, but is also 
a problem when carrying out a recording compensation 
in the recording system. 

FIG. 11 is a diagram showing compensation 
amounts used by a conventional recording 



compensation. FIG. 12 is a diagram for explaining 
the conventional recording compensation. 
Conventionally, the recording compensation with 
respect to the non-linear distortion is carried out 
when a magnetic transition is generated, that is, 
when the bit is "1" in NRZI code. The compensation 
amounts with respect to the magnetic transition 
pattern of the preceding two bits are determined as 
shown in FIG. 11, and the recording compensation is 
carried out by varying the pulse width of the 
recording waveform depending on the recording 
pattern, as shown in FIG. 12. However, no recording 
compensation is carried out if there is no magnetic 
transition in the preceding two bits, such as when 
the present and the two preceding bits are *'001". 

FIG. 13 is a system block diagram showing 
a general structure of another example of the 
conventional magnetic recording and/or reproducing 
apparatus. In FIG. 13, those parts which are the 
same as those corresponding parts in FIG. 1 are 
designated by the same reference numerals, and a 
description thereof will be omitted. A compensation 
circuit 8 is provided in the recording system of the 
magnetic recording and/or reproducing apparatus 
shown in FIG. 13. 

First, with respect to a recording 
sequence "00010111", for example, the recording and 
reproduction with respect to the magnetic recording 
medium are carried out while varying the 
compensation amount by the compensation circuit 8, 
so as to calculate the error amount of the equalized 
waveform output from the FIR filter 4. The 
compensation circuit 8 obtains an optimum recording 
compensation amount which minimizes the error amount 
and creates the table shown in FIG. 11, for example. 
Thereafter, the compensation circuit 8 uses the 
recording compensation amount which is determined by 



referring to the table, so as to carry out a 
compensation with respect to the recording sequence 
which is encoded by the encoder 1. 

However, in a case where the recording 
and/or reproducing section 2 includes a plurality of 
magnetic heads and a plurality of magnetic recording 
media, and the recording compensation amount which 
minimizes the equalization error is to be obtained, 
the equalization error must be measured while 
varying the recording compensation amount for each 
of the magnetic heads , and the recording 
compensation amount which minimizes the equalization 
error must be obtained for the equalization error 
measured for each of the magnetic heads. As a 
result, it takes time to obtain the optimum 
recording compensation amount. 

In addition, in the conventional magnetic 
recording and/or reproducing apparatus, no 
consideration is given of the polarity of the 
magnetic transition when carrying out the recording 
compensation. For example, when the bits are *'101*' 
or "010" in NRZ code, the NRZI code becomes "111" in 
either case, and thus, it is impossible to further 
improve the recording compensation because the same 
recording compensation amount will be used as shown 
in FIG. 14. FIG. 14 is a diagram for explaining a 
particular example of the conventional recording 
compensation . 

Moreover, in the conventional magnetic 
recording and/or reproducing apparatus, the table 
shown in FIG. 12 merely considers the two preceding 
bits at most when carrying out the recording 
compensation, and does not take into consideration 
the magnetic transition of three preceding bits as 
shown in FIG. 15. FIG. 15 is a diagram for 
explaining the particular example of the 
conventional recording compensation. For this 



reason, the conventional magnetic recording and/or 
reproducing apparatus cannot cope with the 
anticipated increase in the non-linear distortion 
caused by further increase in the recording density 
of the magnetic recording medium. 

Next, a description will be given of a 
second embodiment of the magnetic recording and/or 
reproducing apparatus according to the present 
invention, which can eliminate the above described 
problems which may occur in the recording system. 
FIG. 16 is a system block diagram showing the second 
embodiment of the magnetic recording and/or 
reproducing apparatus. In FIG. 16, those parts 
which are the same as those corresponding parts in 
FIG. 3 are designated by the same reference numerals 
and a description thereof will be omitted. In this 
embodiment, a controller 20 is provided with respect 
to a compensation circuit 28. 

The controller 20 includes a CPU 21 and a 
memory 22, and controls the compensation circuit 28 
based on the reproduced waveform obtained form the 
recording and/or reproducing section 2 and the 
equalized waveform which is obtained from the FIR 
filter 4. More particularly, the CPU 21 calculates 
and stores in the memory 22 average values of the 
reproduced waveform which is output from the 
recording and/or reproducing section 2 and average 
values of the equalized waveform which is output 
from the FIR filter 4 with respect to a recording 
sequence. In addition, the CPU 21 calculates error 
amounts of the average values of the reproduced 
waveform and the average values of the equalized 
waveform stored in the memory 22 with respect to 
corresponding ideal values, and determines 
compensation amounts based on the error amounts, so 
as to create a look-up table shown in FIG. 17 which 
takes into consideration the polarity of the 
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magnetic transition. FIG. 17 is a diagram for 
explaining the look-up table. FIG. 17 shows a 
(21+1) -bit look-up table which is referred by the 
compensation circuit 28, when the recording sequence 
5 ak-i ... ak having the signal sequence length I+l 

which is encoded in the encoder 1 is recorded on the 
magnetic recording medium by the recording and/or 
reproducing section 2 . This look-up table is stored 
in the memory 22. After this look-up table is 
10 created, the compensation circuit 28 carries out the 
recording compensation with respect to the non- 
linear distortion using the compensation amounts 
2 which are obtained by referring to the look-up table 

B Therefore, according to this embodiment, 

B 15 it is possible to reduce the time required to obtain 

y 

=^ the optimum value of the compensation amount, 

because it is unnecessary to obtain the equalization 
error amount while varying the compensation amount 
is as in the case of the conventional apparatus. In 

W 20 addition, since the look-up table includes polarity 

1=5 information of the magnetic transition, it is 

possible to carry out the recording compensation 
which takes into consideration the polarity of the 
magnetic transition, even though such a recording 
25 compensation was impossible in the case of the 

conventional apparatus. FIG. 18 is a diagram for 
explaining a particular example of the recording 
compensation in the second embodiment, and 
corresponds to FIG. 14. Furthermore, by making the 
30 size of the look-up table sufficient ly large, it is 
possible to reflect the effects of the magnetic 
transition of three or more preceding bits to the 
compensation amount as shown in FIG. 19, so as to 
cope with the increased effects of the non-linear 
35 distortion as the recording density of the magnetic 
recording medium is further increased. FIG. 19 is a 
diagram for explaining the particular example of the 
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recording compensation in the second embodiment, and 
corresponds to FIG. 15. 

When a partial response system such as the 
EPR4ML system is employed as the equalization system, 
5 it is possible to improve the accuracy of the 

conversion of the equalized waveform to the maximum 
likelihood sequence in the Viterbi detector 5 of the 
reproducing system. However, the number of signal 
levels after equalization becomes five or greater, 
10 thereby making it difficult to obtain the 

compensation amount. Hence, when creating the look- 
up table described above, it is desirable to carry 
=2 out a PR(1, -1) equalization which uses three signal 

J levels "0", *' + l" and "-1" and is close to the 

.n 

:q 15 reproduced waveform, and to carry out an arbitrary 

,^ partial response equalization after the look-up 

table is created. 

Next, a description will be given of first 
: and second methods of obtaining the compensation 

:^ 20 amount in this embodiment. 

First, when a bit interval is denoted by T, 
U the phase of the reproduced waveform which is output 

from the recording and/or reproducing section 2 or 
the equalized waveform which is output from the FIR 
25 filter 4 is sampled by a shift of iT/d, where 0 ^ i ^_ 
d-1, and average values of the sampled values are 
obtained as a d-time over-sampling waveform shown in 
FIG. 20. FIG. 20 is a diagram for explaining the 
over-sampling values, and w(t) (-l^t^l) indicates 
30 the average values of the over-sampled reproduced 
waveform or equalized waveform. Two points having 
the same time separation from a sampling time 0, 
that is, two points having opposite polarities, are 
selected. For example, points e-i and e+i shown in 
35 FIG. 21 are selected. It is judged that the 

waveform shifts, that is, a bit shift occurs, in a 
direction in which the absolute value decreases.. 



FIG. 21 is a diagram for explaining a method of 
obtaining the bit shift direction. In FIG. 21, the 
ordinate indicates the signal amplitude in arbitrary 
units, and the abscissa indicates the time in 
arbitrary units. Further, in FIG. 21, a bold solid 
line indicates an ideal waveform r(t), a thin solid 
line indicates a bit shift waveform w(t) , a symbol " 
O" indicates a value sampled at a phase 0, and a 
symbol "x" indicates a value over-sampled at d-times 
over-sampling. As may be seen from FIG. 21, the bit 
shift direction is in the leftward direction if e. 
i<e+i, for example. Of course, the bit shift 
direction may be judged based on a plurality of 
over-sampled combinations . 

According to the first method of obtaining 
the compensation amount, a peak position of the 
waveform is obtained in the bit shift direction from 
the sampling point 0, as shown in FIG. 22, and a 
time separation from the sampling point 0 to the 
peak position is obtained. FIG. 22 is a diagram for 
explaining the method of obtaining the time from the 
over-sampling value to the peak value. In FIG. 22, 
the ordinate indicates the signal amplitude in 
arbitrary units, and the abscissa indicates the time 
in arbitrary units. The look-up table shown in FIG. 
17 is created by using the obtained time separation 
as the compensation amount. 

On the other hand, according to the second 
method of obtaining the compensation amount, the bit 
shift amount is obtained from an ideal waveform 
amplitude value corresponding to an average waveform 
amplitude L at the sampling point 0, as shown in FIG 
23. FIG. 23 is a diagram for explaining the method 
of obtaining the compensation amount from the ideal 
waveform. In FIG. 23, the ordinate indicates the 
signal amplitude in arbitrary units, the abscissa 
indicates the time in arbitrary units, and a solid 



line indicates an ideal waveform r(t) . The look-up 
table shown in FIG. 17 is created by using the 
obtained bit shift amount as the compensation amount . 

In the second method of obtaining the 
compensation amount, it is possible to use a Lorentz 
waveform, a Nyquist waveform or the like in place of 
the ideal waveform r(t). It is also possible to use 
an actually sampled NLTS, a isolated waveform which 
is unaffected by intersymbol interference, or the 
like in place of the ideal waveform r(t) . For 
example, the isolated waveform which is unaffected 
by the intersymbol interference, corresponds to a 
case where aK-i ... a^ , . . ak+i = 0 ... 1 ... 0 in FIG. 
20 . 

Next, a description will be given of the 
operation of this second embodiment including the 
updating of the look-up table, by referring to FIG. 
24. FIG. 24 is a flow chart for explaining the 
operation of the second embodiment. 

When a power ON command is issued and the 
power of the magnetic recording and/or reproducing 
apparatus is turned ON in a step S21 shown in FIG. 
24, a step S22 records and reproduces a training 
sequence with respect to the magnetic recording 
medium, by the encoder 1 and the recording and/or 
reproducing section 2. A step S24 decides, by the 
CPU 21, whether or not the recording compensation is 
to be carried out using the reproduced waveform. If 
the decision result in the step S24 is YES, a step 
S25 calculates the average values of the reproduced 
waveform by the CPU 21, and the process advances to 
a step S26. On the other hand, when carrying out 
the recording compensation using the equalized 
waveform from the FIR filter 4, the decision result 
in the step S24 is NO, and a step S27 carries out a 
phase detection, an amplitude adjustment and a 
waveform equalization with respect to the reproduced 
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training sequence, by the LPF 3, the FIR filter 4 
and the like. After the step S27, a step S28 
calculates the average values of the equalized 
waveform by the CPU 21, and the process advances to 
the step S26. 

The step S26 uses the average values 
calculated by the step S25 or S28, and updates the 
look-up table corresponding to the recording 
sequence stored in the memory 22, by the CPU 21. 
Further, a step S29 resets an elapsed time Trun from 
an update time of the look-up table to "0" by the 
CPU 21, and the process advances to a step S36. The 
step S36 decides, by the CPU 21, whether or not a 
power OFF command is issued. The process ends if 
the decision result in the step S36 is YES. 

On the other hand, if the decision result 
in the step S36 is NO, the process advances to a 
step S31. The step S31 decides, by the CPU 21, 
whether or not the elapsed time Trun from the update 
time of the look-up table is greater than or equal 
to a predetermined training time Ttrain- The process 
advances to the step S22 if the decision result in 
the step S31 is YES. If the decision result in the 
step S31 is NO, a step S32 records the recording 
sequence on the magnetic recording medium by the 
encoder 1 and the recording and/or reproducing 
section 2, while carrying out the recording 
compensation by the compensation circuit 28 by 
referring to the look-up table stored in the memory 
22, and also reproduces the recording sequence from 
the magnetic recording medium by the recording 
and/or reproducing section 2 . A step S33 carries 
out a phase detection, an amplitude adjustment and a 
waveform equalization with respect to the reproduced 
recording sequence, by the LPF 3, the FIR filter 4 
and the like. A step S34 converts the equalized 
waveform which has been equalized by the FIR filter 
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4 into the maximum likelihood sequence by metric 
calculation based on the average values of the 
equalized waveform, by the Viterbi detector 15. In 
addition, the step S34 carries out a post processor 
5 process by the post processor 16 with respect to the 
maximum likelihood sequence supplied from the 
Viterbi detector 15. This post processor process 
includes the error detection and the error 
correction using the parity bit. A step S35 counts 
10 the elapsed time Trun from the update time of the 
look-up table, by the CPU 21, and the process 
advances to the step S36. 
Q Accordingly, in order to cope with the 

changes with time, the average values of the 

hQ 

ry 15 reproduced waveform or the equalized waveform are 

i'*^ remeasured and the look-up table within the memory 

i . 22 is updated if the elapsed time Trun from the 

M update time of the look-up table is greater than or 

equal to the predetermined training time T^rain - Of 

i:3 

rg 20 course, the timing at which the look-up table is 

Q updated is not limited to the timing when the 

j'i I 

elapsed time Trun from the update time of the 
j:^ conversion table is greater than or equal to the 

predetermined training time Ttrain/ and may be set to 

25 an arbitrary timing. 

Therefore, according to this embodiment, 
it is possible to reduce .the time required to obtain 
the optimum value of the compensation amount. In 
addition, since the look-up table includes the 

30 polarity information of the magnetic transition, it 
is possible to carry out a recording compensation 
which takes into consideration the polarity of the 
magnetic transition. Furthermore, by making the 
size of the look-up table sufficiently large, it is 

35 possible to reflect the effects of the magnetic 

transition of three or more preceding bits to the 
compensation amount, so that it is possible, to cope 



with the increasing effects of the non-linear 
distortion as the recording density of the magnetic 
recording medium is further improved. 

Next, a description will be given of a 
third embodiment of the magnetic recording and/or 
reproducing apparatus according to the present 
invention, by referring to FIG. 25. FIG. 25 is a 
system block diagram showing this third embodiment 
of the magnetic recording and/or reproducing 
apparatus. In FIG. 25, those parts which are the 
same as those corresponding parts in FIGS. 3 and 16 
are designated by the same reference numerals, .and a 
description thereof will be omitted. 

This embodiment is provided with the 
recording system shown in FIG. 16 in addition to the 
reproducing system shown in FIG. 3, and is 
substantially a combination of the first and second 
embodiments described above. Accordingly, a 
controller 30 carries out the operations of both the 
controller 10 shown in FIG. 3 and the controller 20 
shown in FIG. 16. In other words, a CPU 31 
corresponds to the CPUs 11 and 21, and a memory 32 
corresponds to the memories 12 and 22 . 

In this embodiment, the recording and/or 
reproducing section 2 forms a reproducing means for 
reproducing a signal sequence from the magnetic 
recording medium and outputs a reproduced waveform. 
The FIR filter 4 forms an equalization means for 
equalizing the reproduced waveform and outputting an 
equalized waveform. The Viterbi detector 15 forms a 
conversion means for converting the equalized 
waveform into a maximum likelihood sequence by 
metric calculation based on average values of the 
equalized waveform. In addition, the memory 32 
forms a look-up table which stores compensation 
amounts based on errors between the average values 
of the reproduced waveform or the equalized waveform 



and ideal values. The compensation circuit 28 forms 
a compensation circuit which carries out a recording 
compensation with respect to a non-linear distortion 
based on the look-up table when recording the signal 
sequence on the magnetic recording medium. The 
controller 30 forms a control means for updating the 
conversion table and/or the look-up table at an 
arbitrary timing. 

Therefore, according to this third 
embodiment, it is possible to obtain effects which 
are similar to the effects obtainable by the first 
and second embodiments described above. 

Further, the present invention is not 
limited to these embodiments, but various variations 
and modifications may be made without departing from 
the scope of the present invention. 



